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Abstract 
The applicability of the redox reactions of 5,8-dihydroxy-1,4-naphthoquinone (1) and its lithium salt, 5,8-dihydroxy-1,4-
naphthoquinone dilithium salt (2), as positive electrode active materials for rechargeable lithium batteries was investigated.  The 
prepared electrodes showed initial discharge capacities of 170 mAh g(1)í1 with an average voltage of 2.2 V vs. Li+/Li, and 
247 mAh g(2)í1 with an average voltage of 2.1 V vs. Li+/Li for 1 and 2, respectively.  The obtained discharge capacities 
correspond to their two-electron redox behaviors.  While the electrode using 1 suffered from a poor cycle-stability, the one using 
2 underwent many cycles; i.e., after a small drop in the capacity at the first cycle, the capacity of the latter electrode hardly 
decayed during the subsequent 100 cycles.  The effects of the introduction of ionic groups on the physical properties including 
the cycle stability were discussed along with quantum chemistry calculation results.   
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1. Introduction 
The resource problem regarding widely used rechargeable lithium batteries is recently receiving increasing 
attention, since the current rechargeable lithium batteries contain rare-metal (minor metal) based materials especially 
in the positive-electrodes.  Therefore, replacing the rare metal-based positive electrode materials by more available 
resource-based ones is strongly desired.  One of the candidate categories is a series of redox active organic materials 
that contain no scarce metal resources [1í3].  Among the several types of organic positive-electrode materials, we 
have focused our attention on the redox active quinone-based materials that can lead to a high discharge capacity due 
to their multi-electron redox reactions [4í10], and have found that certain low-molecular-weight crystalline quinone 
derivatives exhibit high utilization ratios during the initial charge/discharge cycles; however, the discharge capacities 
of the low-molecular-weight quinone-based materials tend to decrease upon cycling [6,7,10] resulting from the loss 
of the active materials from the electrode by the dissolution of the quinone molecules in the electrolyte solutions.  To 
develop the quinone-based electrodes, which can be stably operated, anchoring the quinone skeleton in the electrode 
is imperative.  Apart from the quinone derivatives, we previously reported an indigo derivative carrying sulfonate 
groups that showed a very long cycle-life performance, although its discharge capacity per unit weight was low 
(~100 mAh gí1) due to the heavy peripheral sulfonate groups [11].  The introduction of polar ionic groups into the 
indigo skeleton is considered to have suppressed the dissolution of the indigo skeleton into the electrolyte solution.   
To satisfy both the high capacity and the long cycle-life requirements, we focused on the phenolic hydroxy group 
because this is lighter than the other polar groups, and can be transformed into the ionic phenolates.  As a quinone 
derivative carrying phenolic hydroxy groups, 5,8-dihydroxy-1,4-naphthoquinone (1), which is known as the mother 
skeleton of shikonin, a natural purple dye [12], was chosen and its lithium phenolate derivative (2) was prepared in 
this study (Fig. 1).  The effects of the ionic groups on the physical properties including cycle stability were 
investigated. 
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Fig. 1.  5,8-Dihydroxy-1,4-naphthoquinone (1) and 5,8-dihydroxy-1,4-naphthoquinone dilithium salt (2).   
2. Experimental 
2.1. Materials 
5,8-Dihydroxy-1,4-naphthoquinone (1) (Alfa Aesar, 97%) was purchased and used without further purification.  
Its lithium salt (5,8-dihydroxy-1,4-naphthoquinone dilithium salt, 2) was synthesized by the neutralization of 1 with 
lithium hydroxide (Kishida Chemical) as described below.  Lithium hexafluorophosphate (LiPF6) (Kishida 
Chemical) as an electrolyte salt and a mixed solvent of ethylene carbonate (EC) and diethyl carbonate (DEC) (1/1, 
v/v) (Kishida Chemical) as a solvent were also purchased and used without further purification.   
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2.2. Synthesis of 5,8-dihydroxy-1,4-naphthoquinone dilithium salt (2) 
An aqueous solution (200 mL) of the mixture of 5,8-dihydroxy-1,4-naphthoquinone (1) (0.5 g, 2.5 mmol) and 
lithium hydroxide (0.11 g, 5 mmol) was stirred for 1 h at room temperature.  The solvent water was then evaporated 
to give a solid, a portion of which (250 mg) was removed and recrystallized from a mixed solvent of methanol and 
toluene. The obtained micro-crystals were dried under vacuum at 100°C for 1 h to produce a deep blue powder (170 
mg).  The prepared material was characterized by 1H- and 13C-NMR spectroscopy (JEOL, JNM-ECA series, 
Ȟ(1H)=500 MHz), UV-Vis spectroscopy (Shimadzu UV-1500 PC photodiode array spectrophotometer), melting 
point measurement (OptiMelt MPA-100, Stanford Research Systems, Inc.), and mass spectrometry (ACQUITY 
SQD mass spectrometer, Waters Corp.) equipped with an atmospheric solids analysis (ASAP) probe.  M.p.: >400°C.  
ASAP-MS (negative), m/z: 202 (M–).  1H-NMR (methanol-d4): į 6.86 (s, 4H), 13C-NMR (methanol-d4): į 175, 138, 
115. 
2.3. Preparation of electrodes and cells 
A positive-electrode composite sheet was first prepared by mixing the powder of the organic active material (1 or 
2), acetylene black as the conductive additive, and polytetrafluoroethylene as the binder in the weight ratio of 4:5:1 
in a mortar.  The sheet was then pressed onto a mesh-type aluminum current collector and dried.  The amount of 
active material was approximately 2 mg per electrode.  The prepared positive-electrode and a lithium metal 
negative-electrode were placed in an IEC R2032 coin-type cell case with a glass filter as the separator.  After the 
electrolyte solution (1.0 mol Lí1 LiPF6 in EC/DEC=1/1, 0.2 mL) was added, the cell case was sealed.   
2.4. Battery test 
The prepared coin-type cells were galvanostatically discharged at the current density of 20 mA per gram of active 
materials (1, 2) with a cutoff voltage of 1.5 V vs. Li+/Li, and galvanostatically charged at the same current density 
with a cutoff voltage of 3.0 V vs. Li+/Li.  The charge/discharge test was performed by a computer-controlled system 
(ABE system, Electrofield) equipped with a thermostatic chamber at 30°C.  In this paper, the obtained capacities are 
expressed in terms of per mass of the active material contained in the positive electrode. 
2.5. 7Li-NMR spectroscopy 
The lithium ion concentration change in the electrode during the charge/discharge process was measured ex situ 
by 7Li-NMR spectroscopy (JEOL, JNM-ECA series, 500 MHz).  From the electrode at a given state of charge and 
discharge, the water-soluble contents were thoroughly extracted by immersing each electrode in a given amount of 
deuterium oxide, and the intensity of the signal which corresponds to the 7Li nucleus in the solution was examined.   
2.6. DFT calculations 
A quantum chemistry calculation based on the density functional theory (DFT) was performed using the 
GAUSSIAN 03 program package [13] to obtain a theoretical insight into the electronic states of the 
naphthoquinone-based active materials.  A hybrid functional of B3LYP [14,15] that includes a split valence basis set 
of 6-31G* was used for the geometry optimization and the calculation of the molecular orbitals (MOs).  The solvent 
(water or methanol) was represented by the polarizable continuum model (PCM) to take the solvent effect into 
consideration for the calculations of the UV-Vis and NMR spectra [16].  As for the estimation of the UV-Vis 
spectra, the time-dependent method (TD-DFT) was used to deal with the excited states [17].  To calculate the UV-
Vis spectrum of the aqueous solution of 2, its isolated dianionic state was assumed since the salt should be 
dissociated in this system.  For the energy diagram calculation of 2, the normal vacuum condition was used in which 
the system was modeled by the lithium ion coordinated state.  The calculated MOs were visualized by Gauss View 
3.0 [18].   
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3. Results and Discussion 
3.1. Synthesis 
The 5,8-dihydroxy-1,4-naphthoquinone dilithium salt (2) was easily obtained by the neutralization of 5,8-
dihydroxy-1,4-naphthoquinone (1) with lithium hydroxide.  During the synthesis of 2 by the lithiation of 1, the color 
of the solution turned from purple to dark blue, implying an optical absorption change in the visible region 
accompanied by the molecular transformation from 1 to 2.  Fig. 2 compares the UV-Vis spectra of their solutions, 
which clearly indicates a bathochromic (red) shift in which the strong absorption bands in the visible region (around 
400-700 nm) of 1 shift to longer wavelengths upon the lithiation to form 2.  In addition, a hyperchromic effect 
(increase in absorbance) was observed.  Judging from the absorbance position and the relatively high molar 
absorptivity (İ) values, the strong bands in the visible region are dominated by the electron transitions from the 
highest occupied molecular orbitals (HOMOs) to the lowest unoccupied molecular orbitals (LUMOs) of 1 and 2.  
The observed bathochromic shift is considered to indicate the HOMO-LUMO gap narrowing partially due to the 
increased HOMO level by the introduction of the electron-donating polar group.  This spectral change was also 
supported by a quantum calculation based on the time dependent density functional theory (TD-DFT).  The 
calculated UV-Vis spectra are shown by the dashed lines in Fig. 2.  The calculation predicts the absorption bands of 
the HOMO-LUMO transition in the visible region at around 504 and 589 nm for 1 and 2, respectively, which 
reinforces the experimentally observed bathochromic shift.  The calculation also significantly supports the 
experimentally observed bathochromic shift and hyperchromic effect. 
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Fig. 2.  UV-Vis spectra of 1 and 2 in a mixed solvent of water and methanol (10/1, v/v) (solid lines) and the calculated spectra using a TD-DFT 
method (6-31G*/B3LYP PCM: water) (dashed lines).  An aqueous system was assumed using a PCM model for the calculation.   
 
The 1H-NMR measurement showed an upfield shift of 0.33 ppm via this lithiation process as shown in Fig. 3, 
which indicates an increased shielding effect due to the increased electron density in the anionized molecule 
skeleton by the lithiation.  (1 showed only one peak in the aromatic region although 1 has two types of magnetically 
nonequivalent hydrogen atoms at a glance.  This is due to the relatively fast intramolecular phenolic proton 
exchange of 1 on the NMR time scale.)  The DFT calculation of the 1H-NMR spectra gave an upfield shift of 
0.34 ppm in the aromatic region via the lithiation, which is also in good agreement with the experimental value of 
0.33 ppm.   
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Fig. 3.  1H-NMR spectra of 1 and 2 in methanol-d4.  Marked peaks are ascribed to the residual hydrogen of the deuterated solvent (*: 3.3 ppm) 
and contaminant water (**: 4.9 ppm).  The calculated patterns (6-31G*/B3LYP, PCM: methanol) are shown by the dashed lines.    
 
3.2. Initial discharge behavior 
Fig. 4 compares the first discharge curves of the prepared positive electrodes using 1 and 2.  The electrodes using 
1 showed a complex behavior; it has a plateau at 2.8 V vs. Li+/Li during the early discharge process (0-60 mAh gí1); 
however, the discharge potential then gradually decreased and reached the cut-off potential with the total discharge 
capacity of 170 mAh gí1.  On the other hand, the electrodes using 2 showed a relatively simple discharge curve with 
a plateau region at 2.1 V vs. Li+/Li and with the discharge capacity of 247 mAh gí1.  Both observed capacities are 
higher than the practical capacity of the conventional LiCoO2 (~140 mAh gí1).  Compared to the theoretical 
capacities (1: 282, 2: 265 mAh gí1), i.e., the values anticipated when the two-electron transfer redox reaction takes 
place as shown in Fig. 5, one finds that, while the observed discharge capacity of 1 merely reached 60% of the 
theoretical one, that of 2 was as high as 93%. 
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Fig. 4.  First discharge curves of the electrodes using 1 (---) and 2 (ʊ). (Current density: 20 mA gí1, Potential range: 1.5í3.0 V vs. Li+/Li, 
Temperature: 30°C). 
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Fig. 5.  Postulated charge/discharge mechanism of 1 and 2. 
 
 
To understand the charge/discharge behaviors of 1 and 2, the energy levels of their molecular orbitals were 
calculated using the DFT method and summarized in Fig. 6 along with the shapes of the HOMOs and LUMOs.  
Since both of the materials initially undergo reduction reactions during the discharge processes, the electronic state 
of the unoccupied orbitals, such as the LUMOs, is important.  Each molecular orbital has ʌ-characteristics and is 
delocalized over the entire structure of the molecules.  The energy levels of both the HOMO and LUMO are 
increased by the lithiation and the LUMO level of 2 becomes 1.0 eV higher than that of 1, which implies a lower 
redox potential for 2 than that for 1.  The calculation qualitatively agrees with the potential difference of about 0.5 V 
observed in the early discharge process (at around the discharge capacity of 30 mAh gí1) and the average potential 
difference of 0.2 V, although the calculation seems to overestimate the difference.  In this paper, the energy levels of 
the isolated monomers were calculated, i.e., the solid state effect was not taken into consideration because the 
crystal structures of 1 and 2 are unknown.  Some method to include the solid state effect might be necessary to gain 
a more accurate potential estimation.   
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Fig. 6.  Calculated energy diagrams of 1 and 2.  The geometries of these molecules are optimized at the B3LYP/6-31G* level.  The lithium ions 
of 2 are omitted from the figure for visual clarity. 
234   Masaru Yao et al. /  Energy Procedia  56 ( 2014 )  228 – 236 
3.3. Elucidation of the carrier ion 
For the rechargeable lithium batteries, the carrier ion is typically the lithium ion; however, some organic positive-
electrode active materials for lithium systems store and release anions, such as PF6í or ClO4í, instead of Li+ during 
cycling [3,19í21].  Therefore, identifying the carrier ion is important in order to understand the charge/discharge 
mechanism.  In the present study, we determined the charge carrier to be Li+ in the electrode using 2 by ex-situ 7Li-
NMR spectroscopy.  Fig. 7 shows the change in the Li+ concentration of the extracted solutions from the electrodes 
at the given states in the first two cycles along with the model behavior.  In this model, a two-Li+-transfer per 
molecule during the charge/discharge process is assumed; i.e., the number of Li+ per molecule should alternate 
between two and four.  As shown in the figure, the Li+ concentration increased after the first discharge, and the 
concentration returned to the initial level when the discharged electrode was recharged.  A similar increase and 
decrease in the concentration were also observed in the next cycle.  The observed concentration is slightly 
underestimated compared to the model one; however, it is in good agreement in the order of magnitude, testifying to 
the charge carrier in this system to be Li+. 
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Fig. 7.  Concentration change of Li+ in the extracted solutions from the electrodes using 2 during charge and discharge cycles measured by 7Li-
NMR spectroscopy. 
3.4. Cycle-life performance 
Finally, the result of a cycle-life test is shown in Fig. 8.  The capacity of the electrode using 1 quickly decayed 
upon cycling; it dropped to 58 mAh gí1 at the second cycle and further decreased thereafter.  On the other hand, the 
electrode using 2 showed a stable cycling performance.  The capacity dropped to about 160-170 mAh gí1 during the 
second and third cycles; however, it gradually recovered thereafter; the electrode maintained the discharge capacity 
of 206 mAh gí1 even after 100 cycles.  The observed cycle-life performance is relatively good compared to low-
molecular-weight organic active materials previously reported which tend to show a poor cycle performance [5–8].  
Furthermore, the value at the 100th cycle is more than twice that of the previously reported indigo carmine 
(87 mAh gí1) [11].  One of the reasons for the capacity decay is the dissolution of the redox active molecules into 
the electrolyte as described in the Introduction.  In fact, we previously reported a negative correlation between the 
cycle-stabilities and the solubility of the benzoquinone-based active materials; i.e., higher the solubility in the 
solvent, lower the cycle stability as a positive-electrode active material [10].  In the present study, the solubility of 2 
in the electrolyte solution is much lower than that of 1.  While 1 easily dissolves in many ordinary organic solvents, 
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2 does not well dissolve except in methanol.  We believe that the difference in the solubility of these materials in the 
electrolyte solution significantly affects the cycle-life performance. 
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Fig. 8.  Cycle-life performance of the electrodes (1: Ƒ; 2: ż) (Current density: 20 mA gí1, Potential range: 1.5í3.0 V vs. Li+/Li, Temperature: 
30°C). 
4. Conclusion 
The performance of 5,8-dihydroxy-1,4-naphthoquinone (1) and its lithium salt (2) was examined as the positive-
electrode materials for rechargeable lithium batteries.  The observed initial capacity of the electrode with 2 reflects 
its two-electron redox behavior of the molecule.  In the cycle-life test, the electrode using 2 performed better than 
that of 1.  The observed improvement in the cycle stability is considered to come from the decreased dissolution 
level of 2 due to its peripheral ionic phenolate groups.   
The present study revealed that the introduction of such small polar groups can be an effective way to improve 
the cycle-life performance of low-molecular-weight organic active materials without sacrificing the discharge 
capacities.  This experimental result will contribute to the development of a new organic active material that can 
tolerate many cycles. 
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